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Li[Mno.5-xCr2xNio.5-x]02  (0<2x<0.2)  (Mn/Ni  =  1)  cathode  materials  have  been  synthesized  by  a  solution 
method.  X-ray  diffraction  patterns  of  the  as-prepared  materials  were  fitted  based  on  a  hexagonal  unit 
cell  (a-NaFe02  layer  structure).  The  extent  of  Li/Ni  intermixing  decreased,  and  layering  of  the  struc¬ 
ture  increased,  with  increasing  Cr  content.  Electrochemical  cycling  of  the  oxides,  at  30  °C  in  the  3-4.3  V 
range  vs.  Li/Li+,  showed  that  the  first  charge  capacity  increased  with  increasing  Cr  content.  However, 
maximum  discharge  capacity  (~143mAhg-1)  was  observed  for  2x  =  0.05.  X-ray  absorption  near  edge 
spectroscopic  (XANES)  measurements  on  the  K-edges  of  transition  metals  were  carried  out  on  pristine 
and  delithiated  oxides  to  elucidate  the  charge  compensation  mechanism  during  electrochemical  charg¬ 
ing.  The  XANES  data  revealed  simultaneous  oxidation  of  both  Ni  and  Cr  ions,  whereas  manganese  remains 
as  Mn4+  throughout,  and  does  not  participate  in  charge  compensation  during  oxide  delithiation. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years  LiMno.5Nio.5O2  has  emerged  as  an  alternative 
to  LiCo02,  the  currently  used  cathode  material  in  Li-ion  batteries 
[1-4].  LiMno.5Nio.5O2  has  a  layered  structure,  which  is  isostruc- 
tural  to  LiCo02,  and  contains  manganese  and  nickel  as  tetravalent 
and  divalent  cations,  respectively  [5-7].  Because  Mn4+  cannot  be 
oxidized  any  further,  the  redox  activity  in  LiMno.5Nio.5O2  takes 
place  on  the  nickel  center,  and  two  redox  couples  (Ni2+/Ni3+  and 
Ni3+/Ni4+)  are  believed  to  be  involved  during  the  electrochemical 
intercalation-deintercalation  of  lithium  [5-7].  Partial  substitution 
of  nickel  and  manganese  in  LiNio.5Mno.5O2  by  cobalt  has  reduced 
the  Li/Ni  intermixing,  and  has  produced  improvements  in  the 
electrochemical  and  thermal  stability  properties  [8-10].  One  such 
compound,  LiNi1/3Mn1/3 Co1/302,  has  been  investigated  extensively 
and  is  a  leading  candidate  for  the  cathode  active  material  in  lithium- 
ion  batteries  for  transportation  applications  [11,12]. 
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However,  because  Co  is  expensive,  other  elements  to  replace  Ni 
and  Mn  in  LiNio.5Mno.5O2  are  being  investigated.  Some  researchers 
have  totally  substituted  the  Ni  with  Cr  to  form  Li1+xCryMn1_y02 
compounds,  which  contain  Cr3+  and  Mn4+  in  the  as-prepared  oxide 
powders  [13-15].  Alternatively,  partial  substitution  of  both  Ni  and 
Mn  by  Cr  can,  in  principle,  increase  the  electrochemically  active 
species  content,  and  lower  the  Li/Ni  intermixing  while  maintaining 
the  overall  structural  integrity  of  the  Li-stoichiometric  oxide  (by 
keeping  Mn/Ni  =  1). 

In  this  article  we  describe  the  synthesis  of  layered 
Li[Mn0.5-xCr2xNi0.5-x]O2  (0<2x<0.2)  (Mn/Ni  =  l)  by  a  cost  effec¬ 
tive  solution  route.  These  macroscopic  compositions  can  also  be 
envisioned  as  solid  solutions  of  [y](LiCr02)  [l-yKLiNio.5Mno.5O2) 
(0<y<0.2).  Note  that  if  chromium  exists  in  the  3+  state,  the 
oxidation  states  of  Ni  and  Mn  will  be  maintained  as  2+  and  4+, 
respectively,  and  the  formation  of  deleterious  Mn3+  in  the  pristine 
compounds  will  in  principle  be  avoided.  The  electrochemical 
characterization  of  these  oxides  was  conducted  in  coin  cells  with  a 
lithium  counter  electrode.  The  oxide  structures  were  examined  by 
X-ray  diffraction  (XRD)  and  the  redox  behavior  of  the  various  elec¬ 
trochemically  active  species  was  studied  by  X-ray  absorption  near 
edge  spectroscopy  (XANES),  which  provides  information  on  the 
electronic  structure  (oxidation  states)  and  site  symmetries  [16,17]. 
Knowledge  of  the  redox  chemistry,  and  an  understanding  of  struc¬ 
tural  changes  during  the  electrochemical  delithiation/lithiation 
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cycling,  can  serve  as  a  guide  for  the  design  of  novel  high-capacity 
cathode  materials. 

2.  Experimental 

Lithium  acetate  (99%)  [Li00CCH3-2H20],  manganese  acetate 
(98%)  [Mn(CH3C00)24H20],  nickel  acetate  (99%)  [Ni(CH3COO)2- 
4H20],  and  chromium  nitrate  (98.5%)  [Cr(N03)3-9H20]  (all 
from  Alfa  Aesar)  were  used  as  precursors  for  synthesizing 
LiMn0.5_xCr2xNi0.5_xO2  powders  by  a  chemical  solution  route.  The 
stoichiometric  amounts  of  these  salts  were  dissolved  separately  in 
deionized  water  and  acetic  acid  ( — 1 :1  vol)  by  continuous  stirring 
at  ~50°C.  An  extra  3%  lithium  was  added  to  compensate  for  the 
possible  lithium  loss  during  high  temperature  annealing.  Later,  all 
solutions  were  mixed  together  (~200  ml)  and  stirred  continuously 
at  ~80°C  for  4h.  The  solution  was  then  dried  at  ~200°C  and  the 
resulting  powder  was  fired  at  450  °C  for  4h  in  air  to  decompose 
the  organics.  Finally,  the  powder  was  calcined  at  950  °C  for  15  h  in 
air.  The  structure  of  the  as-synthesized  powders  was  determined 
by  X-ray  diffraction  using  CuKa  radiation  (Siemens  D5000).  XRD 
data  were  collected  in  the  10-80°  range  (in  0-20  scan)  with  0.02 
step  size;  the  patterns  were  refined  by  Rietveld  method  using  the 
Fullprof  package  to  obtain  lattice  parameters  of  the  oxides  [18]. 
The  diffraction  angle  was  calibrated  using  quartz  (Quartz  probe; 
Bruker-AXS)  as  an  external  standard. 

Electrode  laminates  from  the  oxide  powders  were  prepared 
by  coating  a  mixture  of  84  wt%  oxide,  8  wt%  acetylene  black,  and 
8  wt%  PVdF  binder  on  a  30-p.m-thick  Al  foil.  Electrochemical  per¬ 
formance  data  on  the  electrodes  were  obtained  in  2032-type  coin 
cells  (1.6-cm2  electrode  area)  with  a  Li-metal  counter  electrode, 
Celgard  2400  separator  and  an  electrolyte  containing  1.2  M  LiPF6 
in  an  ethylene  carbonate: ethyl  methyl  carbonate  (EC:EMC)  (3:7  by 
wt.)  solvent.  The  coin  cells  were  assembled  in  a  glovebox  under  an 
Ar-atmosphere.  The  cells  were  cycled  between  3  and  4.3  V  at  30  °C 
using  a  constant  current  density  of  5  mAg-1. 

X-ray  absorption  spectroscopy  experiments  (XAS)  were  per¬ 
formed  in  the  PNC-XOR  bending  magnet  beamline  (20-BM)  of  the 
Advanced  Photon  Source  at  Argonne.  Measurements  at  the  Mn,  Ni 
and  Cr  K-edges  were  performed  in  the  transmission  mode  using  gas 
ionization  chambers  to  monitor  the  incident  and  transmitted  X-ray 
intensities.  A  pair  of  Si(l  11)  crystals  was  used  to  monochromatize 
the  radiation.  A  rhodium-coated  X-ray  mirror  was  used  to  suppress 
higher  order  harmonics.  Energy  calibration  was  carried  out  by  using 
the  first  inflection  point  of  the  spectrum  of  the  appropriate  metal 
foil  [19].  XAS  data  were  obtained,  on  fresh  electrodes  (no  electrolyte 
exposure)  and  on  electrodes  that  were  charged  to  ~145  mAh  g-1 ,  at 
room  temperature  in  a  specially  designed  spectro-electrochemical 
cell  [20]  that  allowed  transmission  of  the  X-ray  beam.  The  XAS 
measurements  were  carried  out  after  the  cells  were  allowed  to 
equilibrate  and  attain  a  stable  open  circuit  voltage  (OCV). 

3.  Results  and  discussion 

3.1.  X-ray  diffraction  (XRD) 

XRD  patterns  of  the  as-prepared  LiMn0.5_xCr2xNio.5_x02  (2x  =  0, 
0.05,  0.1,  0.2)  powders  are  shown  in  Fig.  1.  All  major  diffraction 
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Fig.  1.  XRD  patterns  of  the  as-prepared  LiMn0.5_xCr2xNio.5-x02  cathode  materials. 

peaks  were  indexed  based  on  a  hexagonal  unit  cell  (a-NaFe02  type 
structure)  with  space  group  R3m.  The  additional  features  between 
20°  and  25°  may  arise  from  the  ordering  of  the  lithium  and  tran¬ 
sition  metal  ions  in  the  transition  metal  layers  [21].  Peaks  of  a 
secondary  (very  minor)  phase  were  also  observed  in  the  XRD  data, 
often  as  shoulders  to  the  main  R3m  peaks.  The  content  of  this 
phase  decreased  with  increasing  Cr  concentration  in  the  oxide 
powders.  The  identity  of  this  secondary  phase  is  uncertain  at  this 
time. 

In  the  R3m  structure,  Li  ions  occupy  3b  (0,  0,  0.5)  sites,  transi¬ 
tion  metal  ions  (Mn,  Ni,  Cr)  occupy  3a  (0,  0,  0)  sites,  and  oxygen 
atoms  occupy  the  6c  (0, 0,  z)  sites.  In  LiMn0.5Ni0.5O2,  Ni  is  in  2+  oxi¬ 
dation  state  and  the  ionic  radius  of  Ni2+  (0.69  A)  is  similar  to  that 
of  Li+  (0.76  A).  Therefore,  a  partial  exchange  of  occupancy  of  Li  and 
transition  metal  ions  (mainly  nickel)  among  the  sites  gives  rise  to 
cation  mixing.  For  our  refinements  we  varied  several  parameters 
that  included  the  oxygen  atom  location  (z  value,  Z0)  and  the  degree 
of  cation  mixing.  For  LiMn0.5Ni0.5O2  (2x  =  0  composition),  the  best 
fits  were  obtained  for  Li  and  Ni  ion  exchange  between  3a  and  3b 
sites  of  about  0.13  at.  fraction  for  the  sample  with  2x  =  0.0  composi¬ 
tion,  which  is  comparable  to  reported  values  [22].  The  extent  of  Li 
and  Ni  intermixing  decreased  with  increasing  Cr  content.  The  lat¬ 
tice  parameters  obtained  from  the  best  fits  are  given  in  Table  1 .  The  c 
and  c/a  values  increase  with  increasing  Cr  content  in  the  oxide.  Fur¬ 
thermore,  the  (0  0  3)/(l  0  4)  peak  intensity  ratios  increase  indicating 
that  the  oxide  structure  becomes  more  layered  with  increasing  Cr 
content. 

3.2.  Electrochemistry 

The  first  cycle  charge-discharge  profiles  of  the  oxide  electrodes 
obtained  at  30 °C  are  shown  in  Fig.  2;  capacity  and  electro¬ 
chemistry  efficiency  (ratio  of  the  discharge  to  charge  capacity) 
values  are  given  in  Table  1.  It  is  evident  that  the  charge  capac¬ 
ity  increases  with  increasing  Cr  content.  Flowever,  the  discharge 
capacity  does  not  show  the  same  trend;  the  maximum  discharge 
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Fig.  2.  First  cycle  charge-discharge  profiles  of  LiMno.5_xCr2xNi0.5_x02  cathode  mate¬ 
rials  at  30  °C  in  the  voltage  range  3-4.3  V  using  a  constant  current  density  of  5  mA  g-1 . 


capacity,  143  mAh  g-1,  is  observed  for  the  2x  =  0.05  composition. 
The  discharge  capacity  decreases  at  higher  Cr  contents,  with  the 
smallest  capacity  observed  for  the  2x  =  0.2  composition.  It  is  appar¬ 
ent  that  the  discharge  capacity  trend  does  not  correlate  with  the 
increased  oxide  layering  observed  at  higher  Cr  contents.  That  is,  the 
reduction  of  Ni  content  in  the  Li  layer  does  not  increase  discharge 
capacity. 

Table  1  shows  that  the  electrochemistry  efficiency  decreases, 
i.e.,  the  fraction  of  the  extracted  Li  (during  charging)  that  can  be 
reinserted  into  the  oxide  structure  during  discharge  decreases  with 
increasing  Cr  content.  The  lower  first  cycle  efficiencies  at  higher 
Cr  contents  could  be  due  to  diffusion  limitations,  which  is  typical 
for  some  layered  phases  [23,24].  Previous  investigators  have  sug¬ 
gested  that  in  layered  Li1.2Cro.4Mn0.402,  Cr3+  oxidizes  to  Cr6+  during 
charge,  which  migrates  to  the  vacant  tetrahedral  site  from  the  origi¬ 
nal  Cr3+  octahedral  site  [25].  The  extraction/reinsertion  of  lithium  in 
such  materials  is  coupled  with  the  migration  of  chromium,  causing 
the  process  to  be  sluggish;  i.e.,  compromised  rate-capability  that  is 
associated  with  poor  lithium  diffusion  kinetics. 

3.3.  X-ray  absorption  near  edge  spectroscopy  (XANES) 

Normalized  Mn  K-edge  XANES  spectra  for  as-prepared  and 
delithiated  Lii_yMn0.5_xCr2XNio.5_x02  electrodes  are  shown  in 
Fig.  3(a)  and  (b),  respectively.  The  Mn  K-edge  spectrum  of  as  pre¬ 
pared  Li1.2Cro.4Mno.4O2  is  also  shown  for  comparison.  It  is  evident 
from  Fig.  3(a)  that  the  Mn  K  edge  position  and  edge  shape  for  all  the 
as-prepared  Cr-bearing  oxides  are  very  similar,  and  are  comparable 
to  the  data  from  Li1.2Cro.4Mn0.402  and  LiMno.5Nio.5O2,  in  which  Mn 
is  known  to  be  in  the  4+  oxidation  state  [5,15,25]. 

Changes  in  the  spectra  are  observed  on  delithiation 
(Fig.  3(b)),  which  are,  however,  quite  similar  for  all  the 
Lii_yMn0.5-xCr2xNi0.5-xO2  compositions.  When  compared  to 
the  as-prepared  oxide  spectrum,  the  delithiated  oxide  spectra  do 
not  show  a  rigid  shift  in  energy  position  to  higher  values,  which 
indicates  that  manganese  ions  remain  in  the  4+  oxidation  state 
during  Li  extraction.  However,  distinct  changes  in  the  edge  shape 
in  the  delithiated  oxide  samples  are  observed,  which  probably 
result  from  a  local  rearrangement  around  the  Mn  ions  in  the  oxide 
structure.  Similar  observations  on  Mn  K-edge  position  and  shape 
have  been  reported  during  delithiation  of  Li1.2Cro.4Mno.4O2  and 
LiMno.5Nio.5O2  electrodes  [5,15,25]. 

Normalized  Cr  K-edge  spectra  for  as-prepared  LiMn0.5_xCr2x 
Ni0.5-xO2  electrodes  are  shown  in  Fig.  4(a).  Data  from  as  prepared 
Li1.2Cro.4Mno.4O2  and  LiCr02,  in  which  Cr  is  known  to  be  in  the 


Fig.  3.  Normalized  Mn  K-edge  XANES  spectra  of  (a)  as-prepared  and  (b) 
electrochemically-delithiated  Lii_yMno.5-xCr2xNio.5-x02  cathodes.  For  comparison, 
as-prepared  Li1.2Cro.4Mno.4O2  data  is  included  in  (a),  and  as-prepared  sample  spec¬ 
trum  for  the  (2x  =  0.00)  composition  has  been  included  in  (b). 

3+  oxidation  state,  are  also  included  for  comparison  [15].  In  gen¬ 
eral,  the  edge  position  and  overall  shape  of  the  spectra  for  all 
LiMn0.5-xCr2xNi0.5-xO2  compositions  are  similar,  and  comparable 
to  that  for  LiCr02 ,  which  indicates  the  presence  of  Cr3+  in  the  oxides. 
However,  the  pre-edge  region  of  the  2x  =  0.2  composition  is  slightly 
different  from  those  of  the  other  compounds. 

The  details  in  the  pre-edge  region  provide  valuable  information 
on  the  oxidation  state  of  the  Cr  absorbers  [25].  Chromium  often 
occurs  as  Cr3+  or  Cr6+  ions  in  its  oxygen-based  compounds.  The 
Cr3+  ions  tend  to  prefer  octahedral  coordination,  whereas  Cr6+  ions 
prefer  tetrahedral  coordination  with  oxygen.  The  XANES  spectra 
of  Cr6+  compounds  exhibit  a  prominent  pre-edge  feature  that  is 
attributed  to  a  bound  ls^3d  transition  [26,27].  This  transition 
is  forbidden  in  octahedral  Cr3+06  coordination,  which  has  a  cen¬ 
ter  of  inversion  symmetry,  but  is  allowed  for  non-centrosymmetric 
tetrahedral  Cr6+04  coordination  due  to  the  mixing  of  Cr(3d)  with 
0(2p)  orbitals.  This  mixing,  in  combination  with  the  empty  d- 
orbital  (3d°  configuration)  of  tetrahedral  Cr6+  ions,  increases  the 
probability  of  the  1  s  ->  3d  transition,  resulting  in  many  fold  increase 
in  the  intensity  of  the  pre-edge  peak  relative  to  octahedral  Cr3+ 
[25].  The  presence  of  a  discernable  pre-edge  peak  in  Fig.  4(a) 
suggests  that  the  2x  =  0.2  oxide  might  contain  a  small  amount 
(few  percent)  of  Cr6+  along  with  Cr3+  ions  in  the  as-prepared 
state. 

On  delithiation,  the  Cr  K-edge  edge  position  shifts  rigidly 
to  higher  energies  and  the  pre-edge  peak  intensity  increases 
significantly  (Fig.  4(b)).  These  observations  indicate  that  on  delithi¬ 
ation  some  of  the  Cr3+  ions  are  oxidized  to  Cr6+.  The  intensity 
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Fig.  4.  Normalized  Cr  K-edge  XANES  spectra  of  (a)  as-prepared  and  (b) 
electrochemically-delithiated  Lii_yMno.5-xCr2xNio.5-x02  cathodes.  Data  from  as- 
prepared  and  electrochemically-delithiated  Li1.2Cro.4Mno.4O2  samples  are  included 
for  comparison.  As-prepared  LiCr02  sample  spectrum  is  included  in  (b).  Insets  in 
both  panels  show  an  expanded  view  of  the  pre-edge  region. 

of  the  pre-edge  peak  appears  to  be  similar  for  the  various 
Lii_yMn0.5-xCr2xNio.5-x02  cathodes.  However,  in  comparison  to 
the  Cr-Mn  system  (where  the  Mn  is  electrochemically  inactive 
and  all  the  charge  compensation  involves  chromium  ions  [15,25]) 
the  pre-edge  intensity  of  Lii_yMn0.5_xCr2xNio.5_x02  is  significantly 
smaller.  Clearly,  much  lesser  amount  of  tetrahedral  Cr  is  present 
in  these  charged  Lii_yMn0.5-xCr2xNio.5-x02  cells.  Based  on  the  pre¬ 
edge  peak  intensity  and  following  the  calibration  curves  reported 
by  others,  the  amount  of  Cr6+  present  at  the  charged  state  could 
be  estimated  [26,27].  The  fraction  of  Cr6+  present  at  the  charged 
state  (-15%  of  the  total  Cr  content)  appears  to  be  qualitatively 
independent  of  the  oxide  composition.  Although  the  ratio  of  hex- 
avalent  chromium  to  total  chromium  is  similar  in  all  samples, 
we  can  infer  that  as  the  chromium  content  is  increased  the 
effective  charge  compensation  delivered  by  the  Cr3+/Cr6+  couple 
increases.  More  specifically,  for  the  2x  =  0.2  sample,  the  Cr3+/Cr6+ 
couple  delivers  four  times  more  capacity  when  compared  to 
the  2x  =  0.05  sample.  As  the  cells  were  all  charged  to  approx¬ 
imately  the  same  capacity  (~145mAhg_1),  we  expect  that  the 
charge  compensation  on  the  Ni  will  reduce  as  the  chromium 
content  is  increased.  This  can  be  monitored  by  the  Ni  XANES 
measurements. 

Normalized  Ni  K-edge  XANES  spectra  for  as-prepared 
LiMn0.5_xCr2xNi0.5_xO2  electrodes  are  shown  in  Fig.  5(a).  The 
edge  positions  and  shapes  of  Ni  I<  XANES  are  similar  for  all 
LiMn0.5-xCr2xNio.5-x02  samples  indicating  that  the  oxidation 


Fig.  5.  Normalized  Ni  K-edge  XANES  spectra  of  (a)  as-prepared,  and  (b) 
electrochemically-delithiated  Lii_yMno.5-xCr2xNio.5-x02  cathodes. 


state  and  local  environment  for  the  Ni  are  similar  in  all  the 
as-prepared  oxides.  It  is  well  established  that  in  LiMno.5Nio.5O2, 
Ni  is  predominately  divalent  [5,7].  On  delithiation,  the  Ni  K-edge 
in  Lii_yMn0.5_xCr2xNi0.5-xO2  compounds  shifts  rigidly  to  higher 
energies  (Fig.  5(b)),  which  indicates  an  increase  in  the  average 
oxidation  state  of  nickel.  The  shift  decreases  as  the  amount  of 
chromium  increases,  suggesting  a  lower  average  oxidation  state 
for  Ni  at  the  charged  state  with  higher  chromium  content.  This 
observation  is  consistent  with  the  results  of  the  Cr  XANES.  Previous 
studies  have  shown  an  — 1.5-eV  shift  in  the  position  of  the  K-edge 
(measured  at  half  step-height)  per  unit  change  in  nickel  oxidation 
state  [16,28].  With  respect  to  the  starting  cathode,  the  average 
oxidation  state  of  nickel  at  the  charged  state  can  be  estimated  to 
increase  by  -1.45  ±  0.07, 1.49  ±  0.07,  1.23  ±  0.07  and  1.13  ±  0.07  for 
2x  =  0,  0.05,  0.1  and  0.2,  respectively. 

Based  on  both  Ni  and  Cr  XANES  results,  we  can  infer  that 
the  charge  compensation  in  these  systems  involves  simultaneous 
participation  of  both  nickel  and  chromium  ions.  This  observa¬ 
tions  may  be  compared  with  data  from  the  LiNio.85Coo.15O2  and 
Li(Ni0.33Co0.33Mn0.33)O2  electrodes  [16,29].  In  both  these  sys¬ 
tems,  Ni  ions  oxidize  during  the  initial  stages  of  charge  and 
attain  a  maximum  oxidation  state  of  Ni4+  well  before  the  end 
of  charge.  Co  ions,  on  the  other  hand,  do  not  oxidize  until 
60-80%  of  lithium  is  extracted  from  the  oxide  during  elec¬ 
trochemical  charging.  Some  evidence  for  the  participation  of 
the  oxygen  sublattice  in  the  charge  compensation  is  also  evi¬ 
dent  for  LiNio.85Coo.15O2  and  Li(Ni0.33Co0.33Mn0.33)O2  electrodes. 
In  sharp  contrast,  Ni2+  and  Cr3+  oxidize  simultaneously  dur¬ 
ing  delithiation  of  LiMn0.5-xCr2xNio.5-x02  compounds.  Further 
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electrochemical  and  structural  studies  of  LiMn0.5-xCr2XNi0.5-xO2 
samples  are  currently  underway  and  will  be  subsequently 
reported. 

4.  Summary 

LiMn0.5-xCr2XNio.5-x02  (2x  =  0,  0.05  0.1,  0.2)  compounds  were 
prepared  by  a  chemical  solution  route.  Major  diffraction  peaks  from 
the  as-prepared  oxides  could  be  indexed  based  on  the  R3m  space 
group,  which  indicates  that  the  oxides  had  well-defined  layered 
structures.  The  lattice  parameter  and  peak  intensity  data  indicated 
that  the  extent  of  Li  and  Ni  intermixing  decreased  with  increasing 
Cr  content  in  the  oxide.  XANES  data  showed  that  nickel,  chromium 
and  manganese  are  present  predominantly  in  the  divalent,  triva- 
lent  and  tetravalent  state,  respectively  in  the  as-prepared  samples. 
On  electrochemical  delithiation  (~145mAhg-1  capacity),  charge 
compensation  in  the  oxide  structure  is  accomplished  by  the  simul¬ 
taneous  oxidation  of  Ni2+  and  Cr3+  ions,  while  the  oxidation  state  of 
the  manganese  ions  remained  unchanged.  Data  from  electrochem¬ 
ical  cycling  at  30  °C  in  the  3-4.3  V  range  vs.  Li/Li+  shows  that  oxide 
charge  capacity  increases  with  increasing  Cr  content.  The  discharge 
capacity,  however,  showed  a  maximum  value  for  the  2x  =  0.05  oxide, 
and  was  lower  for  the  2x  =  0.1  and  0.2  compositions.  These  lower 
discharge  capacities  may  be  related  to  the  presence  of  Cr6+  in  the 
tetrahedral  sites. 
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